Summary Mutations of the BRCA1 or BRCA2 genes have been shown to strongly predispose towards the development of contralateral breast cancer in patients from large multi-case families. In order to test the hypothesis that BRCA1 and BRCA2 mutations are more frequent in patients with bilateral breast cancer, we have investigated a hospital-based series of 75 consecutive patients with bilateral breast cancer and a comparison group of 75 patients with unilateral breast cancer, pairwise matched by age and family history, for mutations in the BRCA1 and BRCA2 genes. Five frameshift deletions (517delGT in BRCA1; 4772delA, 5946delCT, 6174delT and 8138del5 in BRCA2) were identified in patients with bilateral disease. No further mutations, apart from polymorphisms and 3 rare unclassified variants, were found after scanning the whole BRCA1 and BRCA2 coding sequence. Three pathogenic BRCA1 mutations (Cys61Gly, 3814del5, 5382insC) were identified in the group of patients with unilateral breast cancer. The frequencies of common BRCA1 and BRCA2 missense variants were not different between the 2 groups. In summary, we did not find a significantly increased prevalence of BRCA1 and BRCA2 mutations in a hospital-based cohort of German patients with bilateral breast cancer. We conclude that bilaterality of breast cancer on its own is not strongly associated with BRCA1 and BRCA2 mutations when adjusted for age and family history. The high frequency of bilateral disease in multi-case breast cancer families may be due to a familial aggregation of additional susceptibility factors modifying the penetrance of BRCA1 and BRCA2 mutations. 850-858 © 2001 Cancer Research Campaign doi: 10.1054/ bjoc.2001.2016 of the patients. After written informed consent had been obtained, blood samples were collected from 1000 participating patients. 75 patients had developed bilateral breast cancer and took part in this study. This proportion of 7.5% of cases with bilateral disease was the same as has been previously reported in another series of over 500 German breast cancer patients (Mose et al, 1995) , indicating that our cohort is representative for a hospital-based cancer population in Germany. As a comparison group for mutation frequency determination, we selected 75 patients with unilateral breast cancer from the total cohort who were pairwise matched with respect to age and family history at the time of treatment.
About 1 in 9 women in European and North American populations may develop breast cancer throughout their life-time, with rates having increased during the last decades (Philips et al, 1999) . Each year there are approximately 46 000 new cases in Germany (Beckmann et al, 1997) . Several risk factors have been defined including age, family history, smoking, hormonal factors and radiation exposure (Goss and Sierra, 1998; Olsen et al, 1999; Philips et al, 1999; Martin and Weber, 2000) . Familiar predisposition accounts for some 10% of breast cancer, and about half of these patients are thought to have a mutation in one of two large genes that function in DNA damage response, BRCA1 and BRCA2 (Kote-Jarai and Eeles, 1999; Martin and Weber, 2000) .
Bilaterality of cancer, including breast carcinoma, is thought to be an indicator of a genetic predisposition (Anderson, 1971; Knudson, 1971) , and studies of blood relatives and of twins affected by breast cancer have corroborated this view (Bernstein et al, 1992; Peto and Mack, 2000) . Contralateral breast cancer accounts for about 2-10% of patients (Hislop et al, 1984; Adami et al, 1985; Healey et al, 1993; Mose et al, 1995) and is observed at an annual incidence of approximately 0.7% per year (Peto and Mack, 2000) . The importance of BRCA1 and BRCA2 for the bilateral occurrence of breast cancer has been demonstrated in large multi-case families where heterozygosity for a BRCA1 or BRCA2 gene mutation strongly predisposes the affected patients towards the development of a contralateral breast cancer (Ford et al, 1994 (Ford et al, , 1998 Easton et al, 1995; Robson et al, 1998; Verhoog et al, 1998) . Young age at onset appears to be a significant risk factor for contralateral breast cancer in the general population (Hislop et al, 1984; Adami et al, 1985) and also within BRCA1 families, where the risk declines for patients with a postmenopausal primary tumour (Verhoog et al, 2000) . Initial population-based studies of selected BRCA1 and BRCA2 mutations have provided first evidence for an apparently low proportion of mutation carriers among patients with bilateral breast cancer when their age at first onset was higher than 40 years (Eccles et al, 1998; GershoniBaruch et al, 1999) . As an attempt to determine more closely the relative contribution of BRCA1 and BRCA2 mutations to bilateral breast cancer in relation to age and family history, we have performed a hospital-based study of the whole coding region of the BRCA1 and BRCA2 genes in 75 German patients with bilateral breast cancer, and compared the results with the prevalence of BRCA1 and BRCA2 mutations in a pairwise-matched cohort of patients with unilateral breast cancer.
PATIENTS AND METHODS

Patients
During the years 1996-2000, more than 1000 unselected patients with breast cancer received radiotherapy in the Department of Radiation Oncology of the Medical School Hannover. The patients were counselled about the possibility of a genetic predisposition of breast cancer, and anamneses were taken using questionnaires with regard to the family history and previous radiation exposure of the patients. After written informed consent had been obtained, blood samples were collected from 1000 participating patients. 75 patients had developed bilateral breast cancer and took part in this study. This proportion of 7.5% of cases with bilateral disease was the same as has been previously reported in another series of over 500 German breast cancer patients (Mose et al, 1995) , indicating that our cohort is representative for a hospital-based cancer population in Germany. As a comparison group for mutation frequency determination, we selected 75 patients with unilateral breast cancer from the total cohort who were pairwise matched with respect to age and family history at the time of treatment. Clinical data of the patients with bilateral breast cancer were collected and compared with data of the whole series of 1000 breast cancer patients. In 29 patients, bilateral breast cancer occurred simultaneously. In the other 46 patients, contralateral breast cancer developed with a median time interval of 7.2 years (range 1 to 40 years). A time interval of at least 3 years was observed in 37 patients. The median age at diagnosis of the first breast cancer was 54 years, compared with 57 years in the total cohort. 22 patients (29.3%) were younger than 50 years and 9 patients (12%) younger than 40 years at first diagnosis. Selfreported family history revealed at least one first or second degree relative with breast cancer in 17 (22.7%) patients and ovarian cancer in 1 (1.3%) patient, which was not different from the figures obtained for the total group of unselected breast cancer patients (n = 1000).
Breast conservative surgery of the first and second tumour was performed in 48 (64%) and 65 (86.7%) patients, respectively. Postoperative radiotherapy was applicated unilaterally in 18 patients (24%) and bilaterally in 57 patients (76%) with a median total dose of 50 Gy (single dose: 1.8 Gy). Of the latter group 18 patients received radiotherapy simultaneously to both sides without overlap of treatment fields. The median follow up for the first and second tumour was 6.3 and 2.5 years, respectively. 10 patients developed local (one patient bilaterally), 1 patient regional (axillary node) and 1 patient locoregional recurrence after a median time interval of 24 months. It is noteworthy that 3 of 6 (50%) identified carriers of a pathogenic BRCA1 or 2 mutation showed local recurrence, whereas this was the case in only 9 of 69 noncarriers (13%). The actuarial locoregional relapse-free survival -as evaluated by Kaplan-Meier calculations -was significantly lower (log-rank test, P = 0.0072) for carriers (mean: 55 months, 95% CI: 36-74 months) compared to non-carriers (mean: 408 months, 95% CI: 354-462 months). Local relapse after initial radiotherapy occurred in 5 patients (5 of 126 irradiated breasts). 3 of these 5 patients (60%) were carriers of a pathogenic BRCA1 or BRCA2 mutation. Distant metastases developed in 14 patients (18.7%) with 10 patients having died of their disease at time of analysis.
Methods
EDTA blood samples from peripheral venous blood were collected from the patients of both groups, and genomic DNA was extracted from white blood cells according to a standard salting out procedure. PCR conditions were established to separately amplify all coding exons and exon-flanking intron sequences of both, BRCA1 and BRCA2 genes to investigate the samples obtained from patients with bilateral breast cancer (Appendix, Table 1 ). We designed a set of 26 primer pairs for the BRCA1 gene and 29 primer pairs for the BRCA2 gene based on the published genomic sequence (GenBank Acc. No. L78833 for the BRCA1 gene, Z74739 for the BRCA2 gene). Due to their large size, the coding sequences of exon 11 of the BRCA1 gene (3.4 kb) and exon 11 of the BRCA2 gene (4.9 kb) were amplified in overlapping fragments. On the other hand, exons 5 and 6 and exons 23 and 24 of the BRCA2 gene could be jointly amplified together with their intervening intron sequences.
Standard PCR amplifications were performed in 20 µl reaction volumes containing 100-200 ng of genomic DNA, 0.2 mM of each dNTP and 1 Unit Taq DNA polymerase in 1 × reaction buffer supplied by the manufacturer (USB/Amersham). Final primer concentrations were 0.5 µM. As the standard procedure, 37 PCR cycles were performed with 1 min denaturation at 94˚C, 1 min annealing, and 1 min elongation at 72˚C. PCR products over 1 kbp were amplified at an elongation time of 100-150 s, and in 2 cases (primer pairs BS13/14 and BS15/16) the reaction mix was supplemented with 0.1 M betaine and 2% formamide. Some exons could be amplified and analysed in a duplex PCR format (Appendix, Table 2 ).
Restriction fragments of 150 to 400 bp (Appendix , Table 3 ) were subjected to single strand conformation polymorphism (SSCP) analysis. In brief, the products were separated on a 40 cm 5% non-denaturating polyacrylamide gel at 40 watts for 5 h in a cold room, and were subsequently visualized by conventional silver staining. Aberrantly migrating samples were sequenced on both strands using an ABI-dRhodamine Terminator Cycle Sequence Kit, and sequencing data were collected and evaluated on an ABI 310 Genetic Analyzer (Perkin Elmer). Identified variants were then screened by restriction enzyme-based assays (Appendix, Table 4a) in both groups of patients. Some tests required a mismatch primer to create recognition sites for the respective restriction enzymes (Appendix , Table 4b ). In addition, the common mutations 5382insC and Cys61Gly in the BRCA1 gene and 6174delT in the BRCA2 gene were analysed by restriction enzyme analysis in all patients, and a subset of patients in the comparison group who had a positive family history of breast cancer were scanned for mutations in the large exons of BRCA1 (exon 11) and BRCA2 (exons 10 and 11).
Statistical evaluation was performed using two-sided chi-square tests. The allele frequencies of truncating mutations were compared between both groups and results were considered to be significant for P < 0.05. In addition, the frequencies of missense substitutions that were found more than once, were compared between both cohorts and results and were considered to be significant if P < 0.004, following Bonferroni's correction for multiple testing with a number of 12 independent, i.e. unlinked, common substitutions.
RESULTS
All coding exons and flanking intronic regions of the BRCA1 and BRCA2 genes were amplified by PCR from genomic DNA samples of 75 patients with bilateral breast cancer and were investigated by single-strand conformation polymorphism (SSCP) and sequencing analysis. Detected sequence alterations were subsequently confirmed by restriction enzyme analyses and screened in the comparison cohort of 75 pairwise-matched patients with unilateral breast cancer. In addition, a screening of the 3 most common pathogenic mutations as well as a mutation scanning of the largest exons of the BRCA1 and BRCA2 genes was also performed in the comparison cohort (see Patients and Methods section). A total of 8 different pathogenic BRCA1 and BRCA2 gene mutations were identified, with 5 heterozygous carriers among the patients with bilateral breast cancer and 3 heterozygous carriers among the patients with unilateral breast cancer ( Table 1 ). All 5 mutations of the patients with bilateral breast cancer were small frameshift deletions of 1-5 basepairs leading to a premature translation termination codon. 4 truncating mutations (5946delCT, 6174delT, 8138del5, and the new 4772delA mutation) were found in the BRCA2 gene, and one frameshift deletion (517delTG) was uncovered in the BRCA1 gene ( Figure 1 , Table 1 ). The mutations in the group of patients with unilateral breast cancer were all in BRCA1 and include the Cys61Gly substitution of the RING finger motif, the 5382insC insertion, and a 5-basepair deletion, 3814del5 ( Figure 1 , Table 1 ). There was no concordant occurrence of BRCA1 or BRCA2 mutations in paired samples of our matched cohorts. The 3814del5 mutation in the BRCA1 gene and the 4772delA mutation in the BRCA2 gene may be confined to the single families described here since they had not been reported previously to the Breast cancer Information Core (BIC) database ( h t t p : / / w w w. n h g r i . n i h . g o v / I n t r a m u r a l _ r e s e a r c h / Lab_transfer/BIC/).
The clinical characteristics of the mutation carriers are summarized in Table 2 . In the study cohort of patients with bilateral cancer, one carrier of the 6174delT mutation in the BRCA2 gene had developed a synchronous bilateral breast cancer by the age of 29 years, and she died from metastatic cancer 6 months after diagnosis. This patient also had juvenile-onset diabetes as an additional complication, eventually accelerating the progression of the disease. Another patient, and her mother, who also had bilateral breast cancer, were heterozygotes for the 4772delA mutation in the BRCA2 gene. The younger patient had her first cancer by the age of 54 years and a contralateral breast tumour by the age of 59, while her mother developed synchronous bilateral breast cancer by the age of 73 years as well as a histologically distinct recurrence in her first breast; she died from her cancer by the age of 79 years ( Table 2 ). The other 3 BRCA1 or BRCA2 mutation carriers had developed metachronous contralateral cancer after time intervals of 2 y, 4.5 y and 12.5 y, respectively (in comparison with a median interval of 7.2 y in the total cohort). In 3 of the 6 carriers with bilateral cancer, one of both tumours was multifocal. The family history of cancer in 1st and 2nd degree relatives was negative for 3 of the 5 unrelated patients who had bilateral cancer and a BRCA1 or BRCA2 truncating mutation.
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Apart from these clearly pathogenic mutations, a further 11 amino acid variants and polymorphisms were found in the coding region of the BRCA1 gene and 12 were detected in the BRCA2 gene (Table 3) . Common alterations with more than one occurrence were observed also in the comparison group, and their allele frequencies were not significantly different between the patients with bilateral breast cancer and the patients with unilateral breast cancer. There was no significant deviation in the genotype frequences from those expected for Hardy-Weinberg equilibrium. 7 polymorphisms of the BRCA1 gene (2201C/T, 2430T/C, Pro871Leu, Glu1038Gly, Lys1183Arg, 4426C/T, Ser1613Gly) and 3 polymorphisms of the BRCA2 gene (Asn289His, 1593A/G and Asn991Asp) were in absolute linkage disequilibrium, in accordance with previous findings in other populations (Durocher et al, 1996; Dunning et al, 1996; Southey et al, 1999; Wagner et al, 1999) . A slightly higher prevalence of the Gln356Arg substitution was observed among patients with bilateral cancer (9/75 vs. 6/75, including one patient with unilateral breast cancer carrying the Cys61Gly mutation in cis with the Arg356 allele), a non-significant trend which may deserve further attention in larger cohorts taking into account that the Arg356 substitution is located within the ZBRK1-binding region and has recently been described to impair the BRCA1-mediated induction of GADD45 expression (Zheng et al, 2000) . In addition, 2 unclassified missense variants of BRCA2 (Pro1819Ser, Lys2950Asn) were found only in the cohort with bilateral disease, which can not be adequately addressed for their functional impact at the present time. Altogether, despite these subtle tendencies, the number and frequencies of missense substitutions did not differ significantly between the 2 cohorts of unilateral and bilateral breast cancer patients.
DISCUSSION
Contralateral breast cancer risk appears to be strongly increased in multi-case families with a genetic predisposition through BRCA1 and BRCA2 gene mutations (Ford et al, 1994 (Ford et al, , 1998 Easton et al, 1995; Robson et al, 1998; Verhoog et al, 1998) . These may act in concert with environmental factors such as radiation (Goss and Serra, 1998; Roberts et al, 1999) , as there is accumulating evidence to implicate the BRCA1 and BRCA2 gene products in the cellular responses to radiation-induced damage (for review see Kote-Jarai and Eeles, 1999; Haber, 2000; Welcsh et al, 2000) . It thus seems on solid biochemical grounds to assume that BRCA1 and BRCA2 mutations predispose towards the development of bilateral breast cancer via their impairment of DNA repair. On the other hand, the first population-based studies of a limited number of BRCA1 and BRCA2 gene mutations have revealed mutations only in a small minority of patients with bilateral disease, and most of these also had an early onset at first primary (Eccles et al, 1998; Gershoni-Baruch et al, 1999) .
To gain more insight into the proportion of bilateral breast cancer that can be explained by BRCA1 and BRCA2 mutations in a hospital setting, we analysed the whole BRCA1 and BRCA2 coding region in 75 consecutive patients with bilateral breast cancer not selected for age or family history. Somewhat unexpectedly, only 5 unrelated carriers of a truncating mutation were identified. Family history would not have been a good indicator for BRCA1 or BRCA2 testing in these cases. Our finding that 3 unrelated patients and one mother-daughter pair with bilateral breast cancer had frameshift deletions in their BRCA2 genes, does not support previous suggestions that BRCA2 mutation carriers may be less prone to develop a contralateral cancer than BRCA1 mutation carriers (Verhoog et al, 1999 (Verhoog et al, , 2000 . However, in view that 4 of the 5 BRCA2 deletion carriers developed their contralateral breast cancer after a first diagnosis at an age >45 years, it is possible that the age at first primary could be less influential in case of BRCA2 mutations than it is for BRCA1 gene mutations (Verhoog et al, 2000) . The higher number of BRCA2 carriers among patients with bilateral cancer compared with BRCA1 carriers among the patients with unilateral breast cancer may deserve further investigation but could also reflect a maldistribution by chance due to the small numbers involved.
The proportion of 6.7% BRCA1 and BRCA2 deletion carriers among the patients with bilateral breast cancer in our study lies well within the range of 5-10% of breast cancer cases that are generally assumed to be caused by a strong familiar predisposition (Kote-Jarai and Eeles, 1999; Martin and Weber, 2000) . 3 carriers (4%) were found also in the comparison group indicating that the prevalence of 'classical' deleterious BRCA1 and BRCA2 mutations is not significantly different in patients with bilateral and unilateral disease from the same department matched by age and family history. We thus investigated whether more common missense substitutions of BRCA1 or BRCA2 might play a role as predisposing factors towards contralateral cancer. Missense substitutions in other tumour suppressor genes have been described as lowpenetrance mutations that may predispose to certain malignancies or modify disease progression (Larson et al, 1998; Otterson et al, 1999; Varley et al, 1999; Lumin et al, 2000; Rebbeck et al, 2000) , and a few missense variants of the BRCA1 and BRCA2 proteins, including the Gln356Arg, Arg841Trp and Leu871Pro substitutions of BRCA1 and the Asn372His substitution of BRCA2, have previously been implicated in the susceptibility to breast or ovarian cancer (Barker et al, 1996; Durocher et al, 1996; Dunning et al, 1996; Healey et al, 2000) . However, none of the common BRCA1 and BRCA2 variants occurred at a significantly increased prevalence in our patients with bilateral cancer, nor did we find a deviation of the genotype distributions from Hardy-Weinberg equilibrium. Hence, there was no evidence to support a strong predisposition by any of the common missense substitutions. Our study had 80% power to detect relative risks of 2.5 or greater for polymorphisms with an allele frequency of about 0.3, therefore more subtle effects or moderate risks for less frequent variants cannot be finally excluded.
Altogether, these results suggest that patients with bilateral breast cancer, if not selected for age and family history, are not significantly more likely to be carriers of a BRCA1 or BRCA2 alteration than patients with unilateral breast cancer. In fact, the proportion of detected BRCA1 and BRCA2 mutations among patients with bilateral disease appeared much lower than would have been calculated from high-penetrance breast cancer families (Ford et al, 1994 (Ford et al, , 1998 Easton et al, 1995) . If, for example, a BRCA1 or BRCA2 mutation confers a risk of about 50% to develop a contralateral breast cancer by the age of 54, we might have expected that about 1 in 4 patients with bilateral breast cancer in a similarly aged population-based cohort were carriers of a BRCA1 or BRCA2 mutation, a proportion to be detected with 80% power in our study. Instead, our present data are more consistent with an odds ratio of 1.7 (95% CI 0.4-5.0) in favour of BRCA1 or BRCA2 mutation carriers in bilateral breast cancer. Although the confidence intervals are wide and the results have to be confirmed with larger sample sizes, the identification of only 5 mutation carriers among 75 patients with bilateral breast cancer suggests that the carrier frequency in our hospital-based sample may be about twoor threefold lower than expected from multi-case family studies. An important difference between population-based association studies and family-based studies lies in the fact that the magnitude of relative risks in the latter is conditional on shared genetic and environmental influences. It is therefore possible that the high frequency of bilateral disease in multi-case breast cancer families may be due to a familial aggregation of other susceptibility factors modifying the penetrance of BRCA1 and BRCA2 mutations. Such a view would be supported by the recent observation that within BRCA1 families the contralateral breast cancer risk is also associated with the age at onset of the primary tumour (Verhoog et al, 2000) . These apparent differences between family-based and population-based studies may have implications for therapeutic decision making. For instance, it has been proposed that the magnitude of life expectancy gains from cancer prevention strategies, including prophylactic contralateral mastectomy, strongly depends on the penetrance of the BRCA mutation (Schrag et al, 2000) . Our results suggest that the penetrance with regard to contralateral disease isat least in our hospital-based sample -not necessarily a feature determined only by the nature or location of the BRCA mutation itself, as the mutational types and frequencies were similar in our patients with unilateral and bilateral breast cancer. There may be additional, yet undetermined, factors that influence the contralateral breast cancer risk. Some of the known putative genetic modifiers include ATM mutations, rare H-ras alleles or androgen receptor gene variations (Phelan et al, 1996; Larson et al, 1998; Rebbeck et al, 1999; Broeks et al, 2000) . We have presently no evidence that bilaterality of breast cancer alone were a strong indicator of BRCA1 and BRCA2 mutations if adjusted for age and family history. 
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